Abstract-Herein, we investigate the optimal deployment of an unmanned aerial vehicle (UAV) in a wireless relay communication system. The optimal UAV position is found by maximizing the average data rate, while at the same time keeping the symbol error rate (SER) below a certain threshold. We derive a closedform expression for the average data rate in a fixed wireless link using adaptive modulation. By using the alternate definite integral form for the Gaussian Q-function, the symbol error rate (SER) of the system in the link level is evaluated. An upper bound on the SER is also derived using the improved exponential bounds for the Q-function. It is shown that the derived SER expression matches the simulation results very well and the derived upper bound is tight for a wide range of SNRs. Simulation results also show that the system data rate matches the derived closed-form expression.
Recently, unmanned aerial vehicles (UAVs) have attracted considerable attention in many military as well as civilian applications [1] , [2] . Besides other advantages, one major advantage of using UAVs is that they can be quickly deployed into the battlefield, or various communication environments as relays [3] , and therefore improve the performance of wireless communications systems [4] , [5] . For example, in many communication scenarios, there exist obstacles (such as mountains, buildings, etc) that severely deteriorate or even block the signal between the transmitter and, the receiver. In such cases, one can deploy a UAV to help setup the communication link and improve the communication perfonnance, i.e. using the UAV as a relay between the transmitter and the receiver.
In this paper, we assume there is no direct communication link between the transmitter and the receiver. A UAV is assumed to be positioned so that it can relay messages from the transmitter to the receiver, as depicted in Fig. 1 . Assuming adaptive modulation is employed, in the communication system, we analyze the average data rate of the system, and investigate the optimal position of the UAV so that the transmission rate is maximized under the constraint that the symbol error rate (SER) is below a certain threshold. The paper is organized as follows. Section II presents the system model used in this paper In Section III we derive the closed-form expression of the average data rate, and formulate the optimization problem to find the optimal position of the UAV. An SER analysis is also given in this section. Numerical simulation results are presented in Section IV, followed by some conclusions in Section V.
II. SYSTEML MODEL A. Two-hop half duplex protocal
In this paper, we assume that a two-hop half-duplex protocol is used in the system. During the first time slot, the transmitter sends the desired message to the UAV. The UAV decodes the message and then sends it to the receiver in the second time slot. Note that we assurme the UAV can not transmit and receive simultaneously.
Using the above transmission protocol, the signal model for the first and second time slots can be written as where Yi is the received signal at the UAV HI is the channel matrix between the transmitter and the UAV, s, is the transmitted signal, and nii is additive noise. Similar definitions are used in (2) (4) We use the well known Kronecker approach [7] , [8] 
C. Adaptive modulation
We assume that the system employs adaptive modulation based on the current channel SNR, denoted by y. For a given desired SER, the required SNR thresholds are predetermined using the SER expression given in [9] , [10] :
wxhere P, is the cymbol error probability, N is the number of nearest neighbor constellation points, and dmi0r is the minimum separation distance between points on the underlying constellation.
Assume that Yk and k+l are the predetermined SNR thresholds for the kth and (k + 11th modulation schemes respectively. If k+l > -Yk, the kth modulation scheme will be used to transmit the message. If y < 71, no transmit scheme will be chosen, which indicates there will be no transmission between the transmitter and. the receiver.
D. Orthogonal space-time block coding
We assume that in both time slots, only the receiver knows the channel matrix. Hence, orthogonal space-time block codes (OSTBC) [11] are used to transmit the data. For example, in the 2 x 2 case, the well-known Alamouti code [12] is employed. Since adaptive modulation is used, the receiver needs to determine/predict a suitable modulation scheme and feed this information back to the transmitter. In this paper, we assume that this feedback is perfect, i.e. the transmitter knows which modulation scheme to use. Note that feeding back the modulation scheme costs much less than feeding back the full channel state information. (12) and (13),
where is a scalar that takes into account the rate loss when OSTBC is used. Note that for 2 x 2 Alamouti coding, = 1. In (113), Ki is the number of the constellation points for the ith modulation scheme, and L is the total number of modulation schemes used in the system. Defining Ci (t) = ]L d2 (t), it is straightforward to show that the expression for the ETNR of the API-UAV link can be written as in (14) . A similar expression can be obtained for the UAV-AP2 link.
Since the communication between APL and AP2 is through the UAV relay, and, also due to the two-hop half-duplex characteristics of the communication system, the overall transmission rate is R(t) = mint{R1, (t), R2,u,, (t) I (15) In order to improve the system performance, i.e. to increase the overall network transmission rate R(t), we Note that this bound is much better than the popular Chernoff bound. After some manipulation, the upper bound of the SER is found to be given by (24).
IV. NUMERICAL SIMULATIONS
In this section, numerical simulations are conducted on both the link level (i.e. AP -UAV) and system level (i.e. APl -UAV -AP2). In the simulations, we assume both APs and the UAV are equipped with 2 antennas, and that Alamouti coding is used. The transmit power at hoth API and the UAV is 1 W, and the noise power density at both AP2 and the UAV is 10 -16WHz The carrier frequency of the system is assumed to be IGHz and the system bandwidth is assumed. to he 0kHz. This can be seen as consistent with a narrowband system in a suburban area [6] . Seven different MPSK modulation schemes are used in the simulations, i.e. from BPSK to 128PSK. The QoS is chosen such that the average SER is less than 10-2 Note that the altitude of the UAV is fixed at 600m in the simulations.
(11) (13) anAjgk- In this section, we investigate overall system performance. We assume both APs are moving on circles centered at (0, Ul 0) and (1000, 1000, 0) respectively. The speeds for API and AP2 are set at 20 m/s and 30 m/s, with angular velocities 0.1L rad/s and 0.2 radls respectively. The path-loss exponent is assumed to be 1.5 and 1.7 for the links between APl -UAV and UAV -AP2, respectively. The optimal position of the UAV is then obtained by solving the optimization problem (16).
The trajectory of the optimal positions of the UAV is plotted in Fig. 2 . It can be seen that the UAV always flies closer to AP2, due to the larger path-loss exponent for the AP2 link.
The overall ystem and, link data rates are plotted, in Fig. 3 , along with the theoretical system data rate. From Fig. 3 power for the AP is 0.1LW, and the noise power density and system bandwidth are assumed to be the same as in the previous simulations. In Fig. 5 , it is clearly shown that the derived theoretical SER match the simulation results very well. Furthermore, it shows the derived upper bound using the improved exponential bounds is quite tight in our simulation, and better than the conventional Chernoff bound. 
